Study Design: Clinical case series. Purpose: In the posterior lumbar interbody fusion (PLIF) procedure in our institute, the cephalad screw trajectory follows a mediolateral and caudocephalad directed path according to the original cortical bone trajectory (CBT) method. However, the starting point of the caudal screw is at the medial border of the pedicle on an articular surface of the superior articular process, and the trajectory takes a mediolateral path parallel to the cephalad endplate. The incidence of caudal screw loosening after PLIF with this modified CBT screw method was investigated, and significant risk factors for caudal screw loosening were evaluated. Overview of Literature: A biomechanical study of this modified caudal screw trajectory using the finite element method reported about a 20% increase in uniaxial yield pullout load compared with the traditional trajectory. However, there has been no clinical study concerning the fixation strength of this modified caudal screw trajectory. Methods: The subjects were 193 consecutive patients who underwent single-level PLIF with modified CBT screw fixation. Caudal screw loosening was checked in computed tomography at 6 months after surgery, and screw loosening was defined as a radiolucency of 1 mm or more at the bone-screw interface. Results: The incidence of caudal screw loosening after lumbosacral PLIF (46.2%) was significantly higher than that after floating PLIF (6.0%). No significant differences in sex, brand of the instruments, and diameter and length of the caudal screw were evident between patients with and without caudal screw loosening. Patients with caudal screw loosening were significantly older at the time of surgery than patients without caudal screw loosening. Conclusions: Fixation strength of the caudal screw after floating PLIF with this modified CBT screw technique was sufficiently acceptable. Fixation strength after the lumbosacral procedure was not. 
Introduction
As a new alternative strategy to obtain improved pedicle screw fixation in the lumbar spine, a cortical bone trajectory (CBT) screw technique was advocated by Santoni et al. [1] in 2009 . Several biomechanical studies have demonstrated the non-inferior mechanical properties of the CBT screw in cadaveric lumbar specimens [1] [2] [3] . Moreover, screw insertion through a mediocaudal starting point helps limit dissection of the superior facet joints and reduces muscle dissection and retraction. During the posterior lumbar interbody fusion (PLIF) procedure with CBT screw fixation in our institute, the cephalad screw trajectory follows a mediolateral and caudocephalad directed path according to the original method [1] . However, the starting point of the caudal screw is at the medial border of the pedicle on an articular surface of the superior articular process, and the trajectory takes a mediolateral path parallel to the cephalad endplate to minimize approach-related damage. A biomechanical study of this modified caudal screw trajectory using the finite element method reported about a 20% increase in uniaxial yield pullout load compared with the traditional trajectory [4] .
To elucidate the fixation strength of caudal screws in vivo, the incidence of caudal screw loosening after singlelevel PLIF with this modified CBT screw method was investigated, and significant risk factors for caudal screw loosening were evaluated.
Materials and Methods

Patients
The subjects were 193 consecutive patients (103 men, 90 women; mean age at time of surgery, 68.3 years; age range, 31-85 years) who underwent single-level PLIF with this modified CBT screw technique for unstable degenerative lumbar spinal disorders between October 2011 and December 2013. Etiologies of degenerative lumbar spinal disorders were: degenerative lumbar spondylolisthesis in 128 patients; lumbar spinal stenosis with lateral slippage on an anteroposterior radiograph of the lumbar spine in 39; isthmic spondylolisthesis in 16; and lumbar disc herniation with posterior opening on a flexion lateral radiograph of the lumbar spine in 10. Fused areas were as follows: L4 to L5 in 124 patients; L3 to L4 in 35; L5 to S1 in 26; L2 to L3 in 5; L5 to L6 in 2; and L1 to L2 in 1. All patients were considered for surgery due to unresponsiveness to conservative treatment, such as medication and/or epidural block. The protocol was approved by the Institutional Review Board of the hospital, and written informed consent was obtained from all participants.
Surgical procedure
A small skin incision (about 5 cm) was made at the fused segment. Dissection of facet joints and capsules supradjacent to the fused segment was limited as much as possible. Posterior neural decompression including laminotomy and partial or total facetectomy was performed. After intervertebral disc materials and cartilaginous end plates were removed, two carbon fiber reinforced polyetheretherketone cages filled with local bone graft were inserted into the intervertebral space, and local bone blocks were inserted lateral or medial to the cages. The cephalad screw trajectory followed a mediolateral and caudocephalad directed path according to the original method [1] . On the other hand, the starting point of the caudal screw was at the medial border of the pedicle on an articular surface of the superior articular process, and the trajectory took a mediolateral path parallel to the cephalad endplate to minimize approach-related damage. The brands of instruments used in the 193 patients were: CD HORIZON SOLERA Spinal System (Medtronic Inc., Memphis, TN, USA) in 113 patients; Small XIA Spinal System (Stryker Japan, Tokyo, Japan) in 57; Expedium 5.5 Spine System (DepuySynthes Inc., Raynham, MA, USA) in 19; and miscellaneous others in 4. The fused area was stabilized using screws and rods with the application of an appropriate compression force (Figs. 1, 2) . All patients wore a thoracolumbosacral orthosis for 3 postoperative months.
Radiologic evaluations
Caudal screw loosening was checked in multiplanar reconstruction computed tomography (MPR-CT) at 6 months after surgery, and screw loosening was defined as a radiolucency of 1 mm or more at the bone-screw interface (Figs. 1, 2) [5].
Risk factors for caudal screw loosening
Age at time of surgery, gender, etiologies of degenerative lumbar spinal disorders, operated level, brand of the instruments, and diameter and length of the caudal screw were analyzed to identify risk factors for caudal screw loosening.
Statistical analyses
The unpaired t-test, Kruskal-Wallis test, Mann-Whitney U test with Bonferroni correction and Fisher's exact probability test were used for statistical analyses with JMP 5.0.1 software (SAS Institute, Cary, NC, USA) as appropriate. Values of p<0.05 were considered significant.
Results
Caudal screw loosening
Overall, 44 of 386 caudal screws (11.4%) in 29 of 193 patients (15.0%) loosened at 6 months after surgery. Caudal screw loosening was found in none of the 2 screws at L2; none of the 10 screws at L3; 4 of the 70 screws at L4; 16 of the 248 screws at L5; none of the 4 screws at L6; and 24 of the 52 screws at S1. The incidence of caudal screw loosening was significantly higher at S1 than at other vertebral levels (Mann-Whitney U test with Bonferroni correction; p<0.01) ( Table 1 ). 
Risk factors for caudal screw loosening
Discussion
A CBT screw technique was advocated by Santoni et al. [1] in 2009 as a new alternative strategy to improve pedicle screw fixation in the lumbar spine. Several biomechanical studies have demonstrated the non-inferior mechanical properties of a construct using CBT screw fixation in cadaveric lumbar specimens [2, 3] . Some researchers reported that CBT screw-rod fixation provides about the same stability as traditional pedicle screw-rod fixation, regardless of the presence of interbody support [2] . Others reported that a CBT screw-rod construct has significantly superior resistance to craniocaudal toggling displacement compared with a traditional pedicle screw-rod construct [3] . In addition, screw insertion through a mediocaudal starting point enables less-invasive posterior lumbar fixation by limiting dissection of the superior facet joints and reducing muscle dissection and retraction. However, whereas CBT screwing at the caudal level of fusion according to the original method [1] requires paravertebral muscle dissection at the inferior lamina, caudal screws can be inserted using this modified technique without any further caudal paravertebral muscle dissection after posterior decompression, interbody bone grafting, and cranial screw insertion. To minimize approach-related Significantly higher than at other levels (p<0.01). Significantly older than in patients without caudal screw loosening (p<0.01).
damage, we have performed PLIF with this modified CBT screw technique since October 2011. A cadaveric study demonstrated that the CBT screw according to the original method provided a 30% increase in uniaxial yield pullout load relative to the traditional pedicle screw [1] . On the other hand, a biomechanical study using the finite element analysis showed that the mean resistance against screw pullout for this modified caudal trajectory screw was 1236 N and 1036 N for the traditional pedicle screw [4] . However, there has been no clinical study concerning the fixation strength of this modified caudal screw trajectory in vivo so far. Therefore, in order to elucidate the fixation strength of caudal screws in vivo, the incidence of caudal screw loosening after single-level PLIF with this modified CBT screw fixation method was investigated. A clinical and experimental study proved that a radiolucent zone at the bone-screw interface is a good indicator of pedicle screw loosening [6] . Most of the lumbar pedicle screw failures, including screw loosening, reportedly occurred within 6 months after surgery [7] . Based on these results, in the present study, caudal screw loosening was checked on MPR-CT at 6 months after surgery, and screw loosening was defined as a radiolucency of 1 mm or more at the bone-screw interface [5] .
In the present study, 44 of 386 caudal screws (11.4%) in 29 of 193 patients (15.0%) loosened. The incidence of caudal screw loosening was 6.0% of the screws in 9.6% of the patients after floating PLIF and 46.2% of the screws in 50.0% of the patients after lumbosacral PLIF. Concerning traditional pedicle screw fixation, the incidence of screw loosening ranged from 0.6% to 11% in a literature review [8] . In the Japanese population, the incidence of screw loosening after single-level PLIF using traditional pedicle screw fixation reportedly ranged from 4.0% to 12.6% of the screws and from 2.7% to 21.2% of the patients, respectively [5, 9, 10] . On the other hand, a clinical study reported that 5 of the 81 screws (6.2%) in 4 of the 20 patients (20%) loosened at 1 year after lumbar fusion using CBT screw fixation according to the original method [11] . These results indicate that the fixation strength of the caudal screw after floating PLIF with this modified CBT screw technique is sufficiently acceptable, but fixation strength of the caudal screw after lumbosacral PLIF is not.
Similar to the concept of PLIF with this modified CBT screw fixation, Takata et al. [12] recently reported lessinvasive single-level transforaminal lumbar interbody fusion (TLIF) with CBT screws at the cranial level and traditional pedicle screws at the caudal level. However, because they described very short-term (follow-up period, 3 months) outcomes in a very small sample size (n=6) [12] , the fixation strength of their caudal traditional pedicle screws is unclear. The caudal screw trajectory with the modified CBT technique reportedly showed about a 20% increase in uniaxial yield pullout load compared with the traditional trajectory [4] , and fixation strength of the caudal screw after floating PLIF with this modified CBT screw technique was acceptable in the present study. Furthermore, this modified caudal screw trajectory seems to be easier to connect with the cranial CBT screw than the caudal traditional pedicle screw. Therefore, as far as floating PLIF, the procedure with this modified CBT screw fixation may be more favorable than the hybrid technique of Takata et al. [12] .
Regarding lumbosacral fusion, in the present study, the incidence of caudal screw loosening was significantly higher at S1 (46.2%) than at other vertebral levels (mean 6.0%). The incidence of caudal screw loosening in patients with isthmic spondylolisthesis was significantly higher than that in patients with other etiologies. This result is also greatly due to the clinical feature of isthmic spondylolisthesis in that the L5 vertebra is the most frequent site of isthmic spondylolisthesis (in this study, 12 of the 16 patients with isthmic spondylolisthesis underwent lumbosacral PLIF). The lumbosacral junction remains a difficult area to achieve a successful spinal fusion, and sacral screw fixation has been challenging for construct failures such as screw loosening [13, 14] . Excessive mechanical stress on the lumbosacral junction, the peculiar features of the sacrum, and inadequate sacral bone purchase may result in the failure of sacral screw fixation [15] [16] [17] . Since the sacrum contains a confluence of cancellous bone from the first sacral segment vertebral body to the sacral ala, the sacrum does not have a true pedicle of cortical bone ring [18] . Regarding the fixation strength of sacral screw fixation after TLIF or posterolateral fusion, a recent prospective study of 90 consecutive patients showed that sacral screw loosening and lumbosacral instability were more prevalent in patients treated with monocortical sacral screw fixation than in those with tricortical sacral screw fixation [19] . However, since all biomechanical studies on the CBT screw technique have been done with lumbar specimens up to L5 and not with sacrum [1] [2] [3] [4] , the biomechanical properties of the CBT screw inserted at S1 remain unclear. Given these results, this modified caudal screw trajectory, which is one of the monocortical screw purchases, may lead to a significantly higher incidence of caudal screw loosening at S1. To reduce the risk of sacral screw loosening after lumbosacral CBT screw fixation, Matsukawa et al. [20] recently advocated the penetrating S1 endplate screw (PES), which was directed straight forward in the axial plane and angulated cranially in the sagittal plane, penetrating the middle of the sacral endplate. An anatomical and radiological study showed that the anterolateral part of the cranial S1 body was the densest area of the sacral trabecular intersection [21] . In addition, sacral osteoporotic change reportedly resulted in the densest area of trabecular bone consistently observed closer to the cranial endplate of the sacrum [22] . Therefore, in vivo measurements by Matsukawa et al. [20] demonstrated that the insertion torque of the PES was 141% higher than that of the traditional pedicle screw, and they reported that all 33 screws inserted with their PES technique in 19 patients showed no screw loosening. In addition, another advantage of the PES technique is that this screw trajectory can be easily connected with the cranial CBT screw [20] . These results suggest that the PES technique may be one of the promising solutions to obtain improved fixation strength of the sacral screw and to achieve solid lumbosacral fusion with CBT screw fixation. Based on the poor results of the modified caudal CBT screw technique at S1 in the present study, we have thus inserted pedicle screws at S1 with the PES technique since publication of this technique in 2014.
Another risk factor for caudal screw loosening in the present study was older age at time of surgery. Lower bone mineral density of the lumbar spine reportedly has a close relation with pedicle screw loosening after PLIF with traditional pedicle screw fixation [10] . Bone quality of the lumbar spine deteriorates with age in both men and women [23] . Therefore, poorer bone quality of the lumbar spine may lead to a higher incidence of caudal screw loosening in older patients.
There are several major limitations in this study. The first is lack of a comparison group using traditional pedicle screw fixation. It may not be helpful to make a direct comparison of the results after PLIF using traditional pedicle screw fixation in the literature with the results after PLIF with this modified CBT screw fixation in this study. The second is lack of data on bone quality of the lumbar spine which is an important potential risk factor of spinal stabilization compromise. The third is lack of data on smoking history which is also one of the other potential risk factors of spinal stabilization compromise.
Conclusions
Whereas fixation strength of the caudal screw after floating PLIF with this modified CBT screw technique was acceptable, that after lumbosacral procedure was not.
